Abstract: Airborne fiber concentrations and size distributions of both asbestos and nonasbestos fibers were determined at property boundaries of 4 serpentinite quarries producing crushed stone (quarry property boundary), 10 sites within 10 km of the area with serpentinite outcrops (serpentinite area), and 2 sites in a reference area. The asbestos was identified in 7 rock and 3 soil samples collected in the serpentinite area. The geometric means of airborne concentrations of asbestos and nonasbestos fibers longer than 0.2 µm in length were: 384 and 447 fibers/liter (f/L) in the quarry property boundary (in operation), 12 and 124 f/L in the quarry property boundary (in closed), 5 and 103 fibers/liter in the serpentinite area, and less than 2 and 59 fibers/liter in the reference area, respectively. There was a significant difference in airborne concentrations of both asbestos and nonasbestos fibers among the areas. Ttremolite/actinolite were found with chrysotile in the stones. Airborne concentrations of tremolite/actinolite were higher than those of chrysotile at the quarry property boundary and in the serpentinite area. Tremolite/actinolite were also found in the soils. There was no significant difference among the areas in the arithmetic means of fiber size distribution of both asbestos and nonasbestos fibers.
Introduction
Serpentinite is primarily used for crushed stones and raw materials in fertilizer, construction, and the iron and steel industries. In Japan 1.8, 2.1 and 2.3 million tons of serpentinite were produced as crushed stone in 1980, 1985 and 1990 , respectively 1) . Crushed serpentinite has often been produced at some open-pit quarries located in and around areas with serpentinite outcrops. Serpentinite sometimes contains tremolite and anthophyllite as well as chrysotile [2] [3] [4] [5] . There are some reports on air pollution by asbestos from natural sources in the United States. Airborne chrysotile concentrations in the vicinity of roads paved with asbestoscontaining serpentine rock were about 1,000 times greater than those found in urban areas 3) . Airborne chrysotile concentrations found in a recreational area located in a serpentine massive were found to be 100,000 to 10,000,000 times greater than those in urban areas 4) . In Japan airborne asbestos concentrations in the vicinity of a serpentinite quarry producing crushed stone were higher than those in reference areas 6) . Asbestos was disseminated from asbestos mines and mills rather extensively [7] [8] [9] [10] . The possibility was raised of air pollution by asbestos dispersed from serpentinite rock by natural means, such as weathering and landslides, or by human activities, such as quarrying, road building, construction and tilling the soil 11) . On the other hand, animal data suggested that long and thin mineral fibers produced a higher incidence of mesothelioma than short and thick ones 12) . The objectives of this study are as follows: (1) to determine airborne fiber concentrations and size distributions of both asbestos and nonasbestos fibers in and around the areas with serpentinite outcrops, (2) to identify the type of asbestos in both stone and soil samples collected in the area surveyed in this study.
Materials and Methods
Study area description Figure 1 shows the location of the areas where serpentinite crops out in eastern area of Aichi Prefecture, Japan 13) . The area is surrounded by forested mountains on its three sides. There were no human-created sources such as the large- scale manufacture and use of asbestos products within this area, but were some open-pit quarries producing crushed stone and areas sticking out the serpentinite ground due to road buildings and landslides. The downtown part of Shinshiro City (population: about 36,000) is located at a distance of about 5 km northwest of an area with serpentinite outcrops. The reference area was Tsukude Village located at a distance of about 20 km northwest of an area with serpentinite outcrops.
The weather and average (maximum) velocity of the wind at Hohrai weather station (elevation: 81 m, Fig. 1 ) located near an area with serpentinite outcrops were as follows; March 6, 1996 
Sampling and preparation
Airborne samples: Fig. 1 shows the sites surveyed. Table  1 gives a short description of each sampling site. These sites were classified as in a property boundary of serpentinite quarries producing crushed stone (quarry property boundary), an area within 10 km from an area with serpentinite outcrops (serpentinite area), and a reference area. In 4 open-pit serpentinite quarries, two quarries were in operation and others were closed. Each air sample was collected on membrane filter (Millipore AA, 47 mm in diameter) that was mounted in an open-faced filter holder. The filter holders were positioned about 1 meter above the ground. The air sampling was done for 2 hours at a flowrate of 10 L/min. The direct transfer method 14) was employed to prepare samples for transmission electron microscopy.
Bulk samples: The sites where we collected the bulk samples are shown in Fig. 1 . The stone samples were collected at 5 serpentinite quarries producing crushed stone, one cliff and one roadside. The soil samples were collected from the soil surface at two fields and beside a field. Stones and soil were crushed into powder with an agate mortar. The powders suspended in distilled water were filtered through Nuclepore ® filters (pore size: 0.2 µm). These filters were transferred into TEM mesh samples by using chloroform to dissolve the filters.
Analytical methods
The prepared air samples were scanned at a magnification of 20,000 by means of analytical transmission electron microscopy (ATEM) (H-800, HITACHI). Only particles with approximately parallel sides and an aspect ratio (length/ diameter) of more than 3 were considered to be fibers. For each sample, either a minimum of 100 fibers or 50 grid openings were counted. Asbestos was morphologically (e.g., the hollow tube structure for chrysotile) identified with the help of an energy-dispersive X-ray (EDX) analyzer (7000Q, KEVEX). The X-ray diffraction (XRD) method was used for identification of the minerals, especially for tremolite/ actinolite, in bulk samples. Tremolite and actinolite cannot be clearly distinguished by qualitative EDX analysis as they chemically resemble each other, and were combined into one group as tremolite/actinolite in calculating in this study. The type of nonasbestos fibers was not identified. The type of nonasbestos fibers was classified with the combination of components of which contents were more than 30%. The fiber which showed no elemental peaks or very small peaks was classified as a biological one 15) . These fibers were not counted.
The detection limit was about 2 fibers/liter (f/L) when the sampled air volume was 1200 L. The length and diameter of each fiber were measured by ATEM at two magnifications, i.e. 2,000~20,000 and 5,000~50,000, respectively. The shortest fiber counted by ATEM was 0.2 µm in length. The mean number of fibers counted per sample was 61.1 (27~112) fibers.
Thirty fibers from each bulk sample were identified by ATEM. When at least one fiber of a given type was seen in a sample, the sample was classified as "positive".
Statistical methods
The mean fiber concentrations were shown as geometric means. Where no fibers of a given type were seen, the concentration of the fiber type was set at one half the detection limit to allow geometric mean calculations. The means of fiber size dimensions (length, diameter, aspect ratio) of the airborne fibers are shown as geometric ones. The mean fiber size dimension by area is shown as the arithmetic one. Fiber concentrations and size dimensions of airborne samples among the areas were compared by means of Kruskal-Wallis test. Table 2 lists the collecting sites and fiber types of both asbestos and nonasbestos fibers found in the bulk samples examined. Out of 7 stone samples, tremolite/actinolite was found in all samples, and chrysotile was found in 2 samples. Nonasbestos fibers were considered to be antigorite, chlorite, mica and others by their EDX specrea as listed in Table 2 . Fiber mainly composed of S and Ca (fibrous calcium sulfates) was not found in any of the stone samples.
Results

Types of mineral fibers in bulk samples
In all soil samples, tremolite/actinolite was found, whereas chrysotile was not found. Fibrous aluminum silicates were found in all the soil samples, whereas fibrous calcium sulfates were not found. Fibrous magnesium silicates were found in one sample. Amosite, crocidolite and anthophyllite were not found in any of the bulk samples. Table 3 shows airborne asbestos concentrations at the quarry property boundaries, in the serpentinite areas and the reference areas. In 4 air samples obtained at the quarry property boundaries, tremolite/actinolite was found in all of the samples, whereas chrysotile was found in only 2 air samples. In 10 air samples obtained in the serpentinite areas, tremolite/actinolite was found in 7 air samples and 
Airborne fiber concentration of asbestos and nonasbestos fibers
considered to be antigorite, considered to be chlorite, considered to be mica minerals, considered to be kaoline minerals, considered to be rutile. +: detected, -: not detected. chrysotile in 4 air samples. No asbestos was found in 2 air samples in the reference area. Asbestos such as amosite, crocidolite and anthophyllite were not found in any of the air samples.
The geometric mean of airborne fiber concentrations for asbestos longer than 0.2 µm was 384 f/L at the quarry property boundary (in operation), 12 f/L at the quarry property boundary (in closed), 5 f/L at the serpentinite area and less than 2 f/L at the reference area. There was a significant difference among the areas in airborne asbestos concentrations (p=0.034). Table 3 shows fiber concentrations for nonasbestos fibers in the air samples. Fibrous aluminum silicate and fibrous calcium sulfate were found in all of the air samples. Fibrous magnesium silicate was found in all of the air samples taken at the quarry property boundary, but was found in only 4 out of 10 air samples obtained in the serpentinite areas and one of 2 air samples in the reference areas. The geometric mean of airborne fiber concentrations for nonasbestos fibers was 447 f/L at the quarry property boundary (in operation), 124 f/L at the quarry property boundary (in closed), 103 f/L at the serpentinite area and 59 f/L at the reference area. There was a significant difference in airborne nonasbestos fiber concentrations among the areas (p=0.036). Although there was no significant difference in airborne concentrations of both fibrous magnesium silicate and fibrous aluminum silicate among the areas (p=0.055), the geometric means of fiber concentrations of these nonasbestos fibers were highest in the air samples obtained at the quarry property boundary (in operation).
The mean (range) percentage of asbestos in total mineral fibers was 47 (42-51) % at the quarry property boundary (in operation), 9 (8-10) % at the quarry property boundary (in closed), 9 (0-26) % in the serpentinite areas and 0% in the reference areas. Table 4 summarizes the geometric means of length, diameter and aspect ratio of asbestos in each area. There was no significant difference among the areas in the arithmetic means of asbestos size distributions. Table 5 summarizes the geometric means of length, diameter and aspect ratio of nonasbestos fibers in each sample at the quarry property boundary, in the serpentinite area and in the reference area. There was no significant difference among the areas in fiber size distributions of nonasbestos fibers.
Airborne fiber size distribution of asbestos and nonasbestos fibers
The arithmetic mean length of asbestos in all of the samples (2.8 µm) was significantly longer than that of nonasbestos fibers (1.2 µm) (p<0.01). The aspect ratio of asbestos in all air samples (9.5) was significantly greater than that of nonasbestos fibers (5.7) (p<0.01). The arithmetic mean length of chrysotile in all air samples (1.2 µm) was significantly shorter than that of tremolite/actinolite (3.2 µm) (p<0.01). Consequently, the arithmetic mean diameter of chrysotile in all air samples (0.07 µm) was significantly smaller than that of tremolite/actinolite (0.46 µm) (p<0.01).
Fibers with a high probability of producing mesothelioma in animal experiments (length > 8 µm and diameter ≤0.25 µm) 12) were not found in any of the air samples. The percentage of fibers producing a relatively higher incidence of mesothelioma (length > 8 µm and 0.25 µm < diameter ≤1.5 µm, or length > 4 µm and diameter ≤1.5 µm) 12) to total mineral fibers was 23 (15~30) % at the quarry property boundary (in operation), 5 (4~5) % at the quarry property boundary (in closed), 10 (3~17) % in the serpentinite area and 15 (14~15) % in the reference area.
Discussion
Asbestos and nonasbestos fibers in bulk samples
Serpentine minerals are principal constituents of serpentinite. Serpentine minerals are chrysotile, antigorite and lizardite. Chrysotile, antigorite and lizardite all have - Geometric mean (geometric standard deviation). -: A fiber was not found. a) Property boundary of a serpentinite quarry producing crushed stone. b) Area within 10 km of an area with serpentinite outcrops. c) Area far from more than 10 km of an area with serpentinite outcrops. similar chemical compositions of magnesium silicate. Chrysotile has a fibrous form of a hallow tube and lizardite is in irregular plate-like crystal form, so that fibrous magnesium silicate is considered to be antigolite. The stone samples collected in this study were of a yellowish green color, and were confirmed to be serpentinite by XRD analysis. Tremolite/actinolite was identified in the stone samples by XRD, and their coexistence with chrysotile was identified by the analytical electron microscopic study. The soil samples collected in this study contained tremolite/ actinolite. Weathered serpentinites was an important source for asbestos-containing soils 2) . The emission of asbestos from crushed serpentinite is a possible source of soil pollution by asbestos near serpentinite quarries.
Airborne asbestos concentration
Tremolite/actinolite fibers were predominant in ambient air at the quarry property boundary in this study, whereas the majority of asbestos in the atmosphere was chrysotile 6, 16, 17) . It has been suggested that the emission of asbestos from crushed serpentinite is a source of air pollution by asbestos near serpentinite quarries in Japan 6) . Fiber concentrations of tremolite/actinolite were higher than those of chrysotile in most air samples obtained at both the quarry property boundary and the serpentinite area in this study. Fibrous tremolite/actinolite was identified in the stone samples of the serpentinite quarries and the serpentinite area in this study. It was considered that the erosion of serpentinite was responsible for most of the asbestos in the serpentinite areas.
The geometric mean (range) concentrations of airborne asbestos in residential and agricultural areas determined by ATEM in Japan were 19.8 (<4~111) f/L and 21.8 (7~47) f/ L, respectively 6) . The range of airborne asbestos concentrations in Tokyo was 3.58~94.7 f/L 18) . We previously Geometric mean (geometric standard deviation). -: A fiber was not found. a) Property boundary of a serpentinite quarry producing crushed stone. b) Area within 10 km of an area with serpentinite outcrops. c) Area far from more than 10 km of an area with serpentinite outcrops.
reported that the mean (range) concentration of airborne asbestos in the outside of 21 buildings in Nagoya, Japan, was 16.2 (1.4~127) f/L 19) . The airborne asbestos concentrations in this study, except the quarry property boundary, were within the range of those in previous reports.
Asbestos was found in ambient air at a rock quarry which had produced crushed stone containing asbestos 20) . Although the airborne asbestos concentrations in the vicinity of the serpentinite quarry producing crushed stone were relatively higher than those in the surrounding area, the asbestos concentrations rapidly decreased to background levels (20~30 f/L) at a distance of about 1 km from the serpentinite quarry 6) . Although the airborne asbestos concentrations at the quarry property boundary were much higher than those in the serpentinite area in this study, the airborne asbestos concentrations in the serpentinite area were similar to those in urban areas. Our observation was not compatible with previous reports.
The geometric mean concentration of airborne asbestos at the quarry property boundary was higher than that in the serpentinite area. This indicates that airborne asbestos concentrations inside the serpentinite quarries producing crushed stone would be very high and that the quarry workers also would be greatly exposed to asbestos.
Airborne nonasbestos fiber concentrations
There is no detailed study of airborne nonasbestos fiber concentration near serpentinite quarries producing crushed stone. The airborne concentrations of both fibrous magnesium silicate and fibrous aluminum silicate at a quarry property boundary (in operation) were not significantly different from those in other areas, but their geometric means were more than 7 times higher at the quarry property boundary (in operation) higher than in other areas. Fibrous magnesium silicate was a minority of nonasbestos fibers in urban atmospheres, whereas fibrous aluminum silicate was prevalent in urban atmospheres 19) . On the other hand, the geometric mean of fibrous calcium sulfate concentrations at the quarry property boundary (in operation) was similar to those in other areas. Calcium sulfates have also been frequently found in urban atmospheres 18, 21, 22) . Fibrous magnesium silicate and aluminum silicate were found in the stone samples, but fibrous calcium sulfate was not found in any bulk samples collected in this study. These results suggest that serpentinite is one of the emission sources of both fibrous magnesium silicate and aluminum silicate as well as asbestos.
We previously reported that the mean (range) concentration of airborne nonasbestos fiber in the outside of 21 buildings in Nagoya, Japan, was 332 (43.2~1716) f/L19). The airborne nonasbestos fiber concentrations at the sites investigated in this study were within those in the urban areas.
Fiber size distributions of asbestos and nonasbestos fibers
The mineral fibers in the atmospheres might be affected by natural crushing that breaks fiber bundles into thin fibers and/or shorter fibers. Consequently, it was supposed that the size of airborne asbestos fibers in the vicinity of emission sources is different from that in distant areas, but we could not find a significant difference between the quarry property boundary (in operation) and other areas in size distributions of airborne fibers in both asbestos and nonasbestos fibers.
We previously reported that the most potent mineral fibers in producing mesothelioma found by Stanton et al. 12) was 0.13% in total mineral fibers in urban atmospheres 19) . In this study we could not find any mineral fibers of this size. The airborne concentration of mineral fibers of this size may be negligible even in the vicinity of natural sources of asbestos. The airborne size distributions of mineral fibers in this study were not very different from those in the urban area 19) .
